of Health, Bethesda, Md.) (Submitted for publication September 8, 1958 ; accepted October 10, 1958) The role of ammonia toxicity in the production of the hepatic coma syndrome has not been clearly defined. No direct relationship has been demonstrated consistently between arterial or venous blood ammonia-nitrogen concentration or the arteriovenous ammonia-nitrogen difference and the state of cerebral dysfunction in hepatic disease. Recently a direct relationship between an increase in blood pH and the diffusion of ammonia from blood into tissues has been suggested (2) . Other investigators have demonstrated greater toxicity of the more alkaline ammonium salts (3) and that an increase in blood pH enhanced passage of ammonia into the brain of mice (4) .
The diffusion of a weak electrolyte into a cell is determined by the pKa of the weak electrolyte, the pH within and without the cell, and the relative permeability of the cell membrane to the unionized species of the electrolyte (5, 6) . It is proposed that ammonia, a weak base with pKa 9.3, should be distributed between blood and cerebrospinal fluid (CSF), brain and muscle according to existing pH gradients, in a manner analogous to that demonstrated in the studies of renal excretion (7, 8) , gastrointestinal secretion (9) and absorption (10) of weak acids and bases, and in the studies of distribution of weak organic acids and bases from blood to CSF (11) . This study was designed to evaluate in the dog the distribution of ammonia from blood to CSF, brain and muscle under conditions of experimentally induced pH gradients between blood and CSF, brain and muscle.
* A preliminary report of these findings has been published (1 
METHODS
The principles and methods of a study of the distribution of a drug between blood and cerebrospinal fluid and tissue have been described in detail (12 Ammonium ion refers to the ionized form of ammonia and unionized ammonia is designated as such, while the term ammonia refers to the total of both ammonium ion, and unionized ammonia. The term C¢SF refers to concentration of ammonia in CSF; Cm refers to concentration of ammonia in muscle; CBR refers to concentration of ammonia in brain; and CBL refers to concentration of ammonia in whole arterial blood. The ratio of CCSF/CBL, The arterial (A) whole blood ammonia concentration minus venous (V) whole blood ammonia concentration (A-V difference) was expressed as the ratio of the difference A-V to A, times 100 (AV X 10i).
Statistical evaluation of the data is expressed as the standard error of the mean (S.E.). The symbol + refers to the S.E. The "t" ratio was used to obtain the p values (17) . Observed CCSF/CBL ratios at steady state are plotted as solid dots against the pH gradient derived from the blood and CSF pH observed during the steady state. The solid line curve represents the locus of plotted points for the predicted CCSF/CBL as calculated from the observed blood and CSF pH. monia in whole arterial blood were determined during various phases of the study and were compared to those ratios achieved during a control infusion state (Tables I and II). A. Cerebrospinal fluid. CCSF/CBL decreased significantly from the control infusion value of 0.49 to 0.38 during metabolic acidosis while during metabolic alkalosis there was a significant increase to 0.83. Respiratory acidosis and alkalosis caused no significant variation from control infusion ratio.
The mean values for blood and CSF pH are shown in Table I . Change in magnitude and or direction of pH gradient occurred only during the infusion of NaOH or HC1 due to changes in blood pH without significant alteration of CSF pH. During respiratory pCO2 changes, a pH gradient similar to that in the control state was maintained due to simultaneous changes of the blood and CSF pH. There was a direct relation between the magnitude and the direction of the pH gradient produced and the distribution of ammonia to the CSF. This is shown in Figure  1 . (Table II) , but was significant in a paired comparison within each experiment (p = <0.05). A significant increase to 1.8 during metabolic alkalosis and to 1.5 during respiratory alkalosis occurred. The direct relationship between blood pH and CM/CBL is demonstrated in Figure 2 .
The data in Table II demonstrate the relation between the observed A-PV difference (arterial whole blood ammonia concentration minus peripheral venous whole blood ammonia concentration) and A-JV difference (arterial whole blood ammonia concentration minus jugular venous whole blood ammonia concentration) to the relative distribution of ammonia between blood and muscle and brain. During NaOH infusion muscle ammonia concentration increased and A-PV difference was significantly greater than during the control period. With HCO infusion the muscle ammonia concentration decreased and A-PV difference significantly decreased. Respiratory acidosis and alkalosis produced no significant variation in A-PV difference.
CBR/CBL increased significantly during metabolic alkalosis (2.2) and respiratory alkalosis (2.2) from the control infusion ratio of 0.83. There was an insignificant decrease in CBR/CBL to 0.67 during metabolic acidosis and increase to 1.0 during respiratory acidosis. Animals exposed to respiratory acidosis after periods of respiratory alkalosis had a change of CBR/CBL from 2.0 in alkalosis to 1.3 (p =0.02) in acidosis. The direct relationship between blood pH and CBR/CBL is demonstrated in Figure 3. Significant narrowing of the A-JV difference during both metabolic and respiratory acidosis occurred. Metabolic or respiratory alkalosis, however, produced no significant variation from control A-JV differences though relative ammonia concentrations in brain were increased. On the whole, A-PV differences were greater than A-JV differences during the experimental phases. Three dogs infused with NaOH had negative A-JV differences during a convulsive state. The only other occurrences of negative A-V differences were during HC1 infusion.
The magnitude of tissue ammonia concentration was not related to the amount and duration of ammonia infusion (Table III) HCl and NaOH and during inhalation of 20 per cent CO2 and 80 per cent 02 mixture, but not during inhalation of 100 per cent 02 with CO2 absorption. The rise of blood ammonia during acidosis appeared to be secondary to accumulation of ammonia due to the reduced passage into tissues. The rise following the infusion of NaOH suggested the possibility that pH change decreased enzymatic removal of ammonia either by decreasing formation of urea in the liver or of glutamine in muscle and brain. Preliminary study of blood urea nitrogen (BUN) elevation in seven nephrectomized dogs demonstrated no striking difference in the rate of BUN elevation between control infusion state and states of experimental pH change, nor was there any relation between the BUN and the blood ammonia-nitrogen concentration. A preliminary study of blood and tissue glutamine concentration involving six nephrectomized dogs has revealed blood glutamine concentrations which were all consistently lower during ammonia infusion than before infusion was begun (Table VI) . While a fairly constant rise in muscle glutamine (11.3 ± 1.3 mg. per 100 Gm. per hour) occurred during control ammonia infusion, an irregular change in muscle glutamine content occurred during induced pH changes.
Although there appears to be marked glutamine production during ammonia infusion there is no direct relation between the glutamine concentration and the ammonia concentration in blood, muscle or brain.
DISCUSSION
The relation between ammonia toxicity, hepatic disease, and cerebral dysfunction has been recently reviewed by Warren (3) . The index of ammonia toxicity in hepatic disease has always been in terms of blood concentration with the assumption that tissue concentration was a direct function of blood ammonia concentration (18) (19) (20) (21) (22) (23) (24) .
Gyorgyi and Kleinschmidt (25) in 1926 noted that Eck fistula dogs in meat intoxication were usually alkalotic and that they improved when given hydrochloric acid per os. Vanamee and co-workers (26) and Robin, Whaley, Crump and Travis (27) have recently shown that the majority of patients in hepatic coma are in a respiratory alkalosis and have suggested that alkalosis might enhance ammonia toxicity. Lawrence and co-workers (2) have hypothesized an increased passage of ammonia into the tissue with an increase in blood pH, and have attempted to prove this by studying A-V differences. War-ren and Nathan (4) demonstrated an increased rate of passage of ammonia into the brain of the mouse with a rise in blood pH.
Some clinical confirmation of the experimental findings have been published. Recent studies on blood A-V ammonia differences in patients with elevated blood ammonia concentrations appear to contradict the assumption that tissue uptake is always proportional to blood ammonia concentrations (28, 29) . Occasional case reports have appeared in the literature of patients given intravenous NH4Cl f6r severe alkalosis with the consequent development of symptoms of ammonia toxicity (30, 31) . The purpose of this study was to investigate the role of, pH gradients between blood and CSF, brain and muscle in the distribution of ammonia from blood to the cerebrospinal fluid and those tissues. Milne, Scribner and Crawford (32) have reviewed the use of a pH gradient drug distribution hypothesis in renal tubular excretion and absorption, gastrointestinal secretion and absorption and. pancreatic secretion of weak organic acids and bases. Waddell and Butler (8) demonstrated the role of pH in controlling the passage of an organic acid, phenobarbital, into the brain. Stabenau, Rall and Zubrod (11) demonstrated that certain acidic and basic compounds with pKa near the physiologic pH range had distribution ratios between plasma and CSF which are related to a normal pH gradient between blood and CSF, and that experimental changes in that gradient caused predictable changes in such distribution. In addition these authors discussed in detail the application of the pH gradient hypothesis to the transfer of drugs and metabolites into the cerebrospinal fluid.
The pH gradient drug distribution. hypothesis explaining the transfer of weak electrolytes from blood to CSF, brain and other tissues is essentially that amounts of ionizable compounds existing in two fluid compartments separated by a membrane completely permeable to the unionized species of the compound and relatively impermeable to the ionized species will be distributed unequally when a pH gradient exists between the compartments. In the case of ammonia, at steady state, the greater concentration of total.comp und should be on. the side of the membrane -where.the pH is lower. The ratio of total ammonia between CSF and blood should be the inverse ratio of the per cent unionized in each phase (11, 32) .
The data in By comparing the ratio of unionized ammonia in blood to that in CSF, as calculated from their respective pH, to the observed ratio CCSF/CBL, the -role 'of pH gradient in ammonia. distribution becomes apparent. In Figure 1 it is demonstrated that the calculated CCSF/CBL for the pH values in the experiments is about twice that of .the observed ratios through the range of pH gradient -0.3 to + 0.3 pH unit. Milne and associates (32) have considered in detail several of the reasons why observed ratios in such a study as this would necessarily be lower than predicted ratios. Some unknown degree of permeability to the ionized molecular species may exist, leading to a falsely high calculated ratio; a rate limitation of the diffusion process itself may occur; and apparent reduction of diffusion concentration ratios may occur due to reference to arterial instead of capillary plasma concentration. 1 Simultaneous blood and CSF pH determinations as presented in this communication and in other studies (11) confirm observations of Cestan, Sendrail and Lasalle (33) and Leusen (34) that during metabolic acidosis and alkalosis the blood pH decreased and increased, respectively, while CSF pH remained unchanged. During respiratory acidosis and alkalosis blood and CSF pH decreased and increased simultaneously. A demonstration of combined metabolic and respiratory acidosis and alkalosis with resultant CSF and lIt should be noted that due to technical difficulties arterial whole blood ammonia-nitrogen concentration was used in this study.
blood pH changes is given in 6 .75 + 0.06. In Table II the calculated distribution ratios for ammonia between blood and brain are seen to correlate in extent and magnitude of variation to the observed distribution ratios when the pH of muscle and brain is assumed to be 7.0, though with pCO2 elevation and depression tissue pH value may decrease and increase to some extent. From our data utilizing a pH gradient distribution hypothesis, the steady state distribution of ammonia from blood to brain and muscle appears to be dependent upon a pH difference between blood and the tissues. This is substantiated by the above observations concerning the role of CSF pH (which can be measured) in the distribution of ammonia to CSF. CSF pH appears to undergo little change in metabolic acidosis and alkalosis, but does change when pCO2 of blood is experimentally varied. Muscle and brain pH changes may well be similar to those in CSF. It has been suggested recently that CSF is not similar to extracellular fluid but has characteristics of intracellular fluid (11) .
Although ammonia is metabolized to glutamine and other compounds in muscle and brain, measurements of tissue ammonia performed during a steady state situation appear to be meaningful. Tissue ammonia concentrations reflect changes in ammonia passage into cells by diffusion in a manner analogous to passage into CSF where no metabolism is thought to occur.
This study emphasizes that knowledge of arterial blood pH is necessary in order to evaluate fully the relationship between arterial ammonia concentration and ammonia toxicity in hepatic coma. Though ammonia elevation in the central nervous system and muscle would appear to explain some of the features of hepatic coma, other compounds, e.g., amino acids of relative availability, due to defects in liver anabolism or detoxication, may be abnormally distributed between blood and central nervous system and muscle due to gradients in pH. Acidic compounds with certain ionization characteristics may be less able to pass into tissues during states of alkalosis. Thus if any corrective therapy utilizing metabolic and respiratory acidosis is found useful, it may be due to alteration in the transfer of such compounds to muscle and central nervous system. SUMMARY 1. In an effort to delineate the role of pH in the distribution of ammonia between blood and various body fluids and tissues, temporary pH gradients between blood and cerebrospinal fluid, brain and muscle were experimentally induced by means of intravenous infusion of hydrochloric acid and sodium hydroxide solution or elevation and depression of the partial pressure of carbon dioxide through respiratory means. Simultaneous brain, muscle and cerebrospinal fluid ammonia concentrations were serially determined during steady state conditions and were related to arterial whole blood ammonia concentrations at corresponding times.
2. A direct relation was observed between the diffusion of ammonia into cerebrospinal fluid and the magnitude and direction of a gradient in pH between blood and cerebrospinal fluid.
3. There appeared to be a direct and predictable correlation between alteration of blood pH and the tissue ammonia concentration. During metabolic and respiratory alkalosis brain and muscle ammonia concentrations increased two-to threefold, while during metabolic and respiratory acidosis brain and muscle concentrations remained at or decreased below control concentrations. 4 . Explanation for these findings may be found in the pH gradient drug distribution hypothesis.
